In a search for novel genes on chromosome 18 (HC18), on which several regions have been linked to bipolar disorder, we applied exon trapping to HC18-specific cosmids. Among the 1138 exons trapped, 1052 of them have been mapped to HC18, and the remaining 86 have not been localized. No exons were localized to genomic regions other than HC18. BLAST database search revealed that 190 exons were identical to 98 Unigenes on HC18; 98 identical to additional 82 clusters of ESTs not present in the HC18 Unigene set; 39 homologous to genes from human and other species (eo10 À3 ); and the remaining 811 exons had no significant homology to transcripts in public databases. The mapped exons were compared to the 867 annotated genes on HC18 in the Celera databases; 216 exons were identical to 104 Celera 'genes' and the remaining 836 exons were not found in the Celera databases. On average, there were two exons for a matched transcript (known genes and ESTs). Therefore, the 850 novel exons may represent hundreds of novel genes on chromosome 18.
Introduction
Exon trapping 1 has been widely used in gene identification. It is a reliable and expression patternindependent protocol to identify genes from genomic DNA. It has proved to be very useful for the isolation of novel transcribed sequences, and been used for large-scale gene identification on chromosomes 21, 22 , and other regions in the human genome. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Since exon trapping does not rely on expression to identify genes, novel genes represented by trapped exons can be a substantial addition to the human gene content.
One goal of our laboratory is to identify the gene or genes on chromosome 18 conferring susceptibility to bipolar disorder. Our initial exon trapping was focused on the region of 18q21 that has been linked to bipolar disorder in our pedigree sample . 14, 15 Using selected cosmid clones from the region, we isolated 285 exons and mapped 60 of them to this region of 18q21. 5 We have now extended exon trapping to the entire chromosome for several reasons: (1) additional loci on chromosome 18, including loci on 18p and 18q21.3-23, have been linked to bipolar disorder ; [16] [17] [18] [19] (2) the complete set of genes on this chromosome is probably not yet established, even though the analysis of the human genome sequence provided preliminary evidence in silico only that there are approximately 800 genes on this chromosome; 20, 21 (3) published data showed that there was only 20% overlap in the sets of predicted novel genes between public and Celera databases, 22 suggesting that any single method may not be sufficient to identify all human genes. Here we report the trapping, mapping, and sequence analysis of 1138 exons on chromosome 18, which could contribute to the gene content on this chromosome.
Materials and methods

Cosmid isolation and exon trapping
The human chromorome-18 (HC18)-specific cosmid library (LL18NC02) and the corresponding highdensity filter (AD) containing all the clones were purchased from the Human Genome Mapping Project (HGMP) resource center in UK. This library was constructed at the Lawrence Livermore National Laboratory. It contains 14 304 clones and provides 5.7 Â depth coverage of the chromosome. The average insert size of the clones is 40 kb. Approximately 6% of the clones have no inserts, and 10% have insert from Chinese hamster genomic DNA.
To minimize the contamination of Chinese hamster DNA in exon trapping experiments, a high-density filter containing clones from the entire cosmid library was probed with total human genomic DNA labeled with 32 P using a Rediprime labeling kit (Amersham cat # RPN1633). The filter was prehybridized in a RapidHyb buffer (Amersham) at 651C for 30 min, then the 32 P labeled probe was added and incubated for an additional 2-3 h. After hybridization, the filter was washed in 2 Â SSC/0.1% SDS for 15 min twice at room temperature, and in 0.1 Â SSC/0.1% SDS for 30 min twice at 651C, and was then exposed to X-ray film at À801C overnight. Positive clones were obtained by scoring the autoradiographic image.
A total of 3 500 cosmid clones (approximately 1.8 Â coverage of chromosome 18) positive to human genomic DNA were randomly selected for overnight culture and DNA isolation for pSPL3 subcloning. This number (3 500) of cosmids for the trapping experiment was selected to balance the likelihood of covering the entire chromosome with the experimental feasibility in our laboratory. Cloning of DNA fragments into vector pSPL3 and exon trapping were carried out as described by Chen et al. 5 Cosmids were individually grown in TB medium overnight, and 20 clones were pooled to isolate DNA. Each pool was digested with EcoRI and/or PstI restriction enzymes, and the fragments were cloned into pSPL3 in the appropriate cloning sites. Plasmid DNA isolated from pool was used to transfect COS7 cells that had grown into 60-80% density before transfection. Total RNA was isolated from COS7 cells and the trapped sequences were amplified using an exon trapping system (Life Technologies cat # 18449-017). The RT-PCR amplified sequences were then cloned into vector pAMP10. Colonies were picked and arrayed in 384-well microplates. Vectors pSPL3 and Lawrist 16 derived sequences were eliminated using oligonucleotide hybridization as described. 5 Exon-containing clones were screened by PCR amplification of inserts using oligonucleotide primers SD2 (5 0 GTG AAC TGC ACT GTG ACA AGC TGC) and SA4 (5 0 CAC CTG AGG AGT GAA TTG GTC G), and sequences were determined on ABI3700 automated sequencers at the Johns Hopkins Genetics Core Facility laboratories using SD2 as the sequencing primer.
Sequence analysis
Sequences generated were screened against each other using NCBI's BLAST algorithms 23 to identify redundant clones, and to compile a file that contained unique sequences. These were then subjected to similarity search using BLAST against GenBank databases (nr, Unigene, dbEST, human genome), our local database containing 2399 'genes' predicted by our analysis of 81 Mb chromosome 18 sequence using GenScan, 24 and the Celera human genome databases (http://www.celera.com) and annotated genes on this chromosome.
Results and discussion
We performed the trapping experiment on 3500 chromosome-18-specific cosmids. A total of 2519 clones containing trapped inserts were sequenced. After eliminating vector sequence contaminants (1%), 42 repeats, and duplicated sequences, a total of 1138 unique exons were identified and analyzed. Overall, there is an output rate of 0.34 unique exons per cosmid used in trapping. This is similar to other longrange exon trapping studies . 2, 3 The size distribution of the exons ranged from 25 to 533 bp (mean ¼ 130, median ¼ 116 bp), similar to the size range of exons analyzed in the human genome . 20, 21 Two methods were used to confirm that the trapped exons arose from HC18. (1) In all 194 exons were tested on the GeneBridge4 mapping panel 25 using PCR amplification. 5 (2) The publication of the human genome sequence enabled us to map the exons using BLAST search for sequence identity in genomic sequence. A total of 1052 exons (92%) have been localized to chromosome 18, including 123 exons mapped with both GeneBridge4 and BLAST, and 929 exons by BLAST database search only. No trapped exons were localized to other regions in the genome. Figure 1 shows the distribution of the 1052 mapped exons on chromosome 18 based on the June 2002 sequence assembly of the University of California at Santa Cruz (UCSC). We observed that the trapped exons were distributed throughout the entire chromosome. However, there are patterns of clusters of high frequencies in some regions, and of low frequencies in some other regions. This distribution pattern may have several explanations. First, there may be an uneven gene distribution nature of this chromosome, that is, gene-rich and-poor regions exist. Second, the cosmid clones used in trapping experiment were not fully selected at random, that is, some regions were over represented. Third, the efficiency of pSPL3 subcloning of cosmids may vary among cosmid pools. Finally, there are chromosomal gaps that have not been sequenced.
The 86 exons yet to be mapped could be from the unsequenced regions on chromosome 18. Another possibility is that a portion of the unmapped exons was derived from Chinese hamster DNA contamination. We found that nine of 194 exons (4.6%) were from Chinese hamster DNA using PCR amplification of the GeneBridge4 panel in a mapping experiment. 5 Since only cosmid clones positive to human genomic DNA were used in our experiment, we have minimized the possibility of such contamination.
Sequence analysis was carried out in two ways. First, the trapped exons were compared to transcripts using BLAST algorithms against the public databases (nr, dbEST, and Unigene) at NCBI. This analysis placed the trapped exons in the following categories: (1) identical to Unigenes (known genes plus ESTs) on chromosome 18; (2) identical to ESTs not included in the chromosome 18 Unigene section; (3) homologues to genes from human and other species (excluding categories 1 and 2); and (4) ). The remaining 811 sequences showed no significant similarity to annotated genes or ESTs in public databases. Table 1 summarizes the categories of the trapped exons with BLAST search transcript databases.
Subsequently, the 1052 mapped exons were compared to predicted genes on chromosome 18. We performed GenScan analysis on the 81 Mb sequence of NCBI's version 4 genome sequence assembly from this chromosome, and predicted 2399 'genes' that have been organized into a local database. Search of the local database using BLASTn algorithms showed that 245 trapped exons were identical to the exons of 169 GenScan predicted 'genes'. There are 807 mapped exons not predicted by GenScan (Table 2 ). In addition, when the mapped exons were compared to all 867 annotated genes on chromosome 18 in Celera's databases, 216 exons are identical to 128 Celera Trapping and sequence analysis of putative exons from HC18 H Chen et al 'genes'; the remaining 836 exons were not annotated in Celera's databases ( Table 2 ). The low rate of the matching of trapped exons to predicted 'genes' could be because of both nonspecific gene prediction caused by GenScan and cryptic splicing in exon trapping. Recent publications reported that the current computer software for gene identification have limited sensitivity and specificity . 26, 27 When the complexity of input genomic sequence is increased, the sensitivity and specificity of GenScan drops dramatically to 63 and 38%, respectively. 27 On the other hand, exon trapping could also produce cryptic spliced sequences. To estimate the rate of cryptic splicing, we compiled a BLAST searchable sequence file of all intron sequences of 20 known genes localized to an NCBI contig sequence NT_033907. We analyzed 97 exons mapped to the same contig using BLAST to search the compiled intron sequence file. We found that none of the exons were localized to these intronic regions. This suggested that the trapped exons contained a low percentage of false positives because of cryptic splicing. Furthermore, we observed that the rate of sequence identity to annotated genes and ESTs is over 60% when analyzing the 500 trapped exons from chromosome 21, and the rate is even higher if the exons with strong homologies to transcripts from human and/or other species are included (Chen, unpublished data) . None of the trapped exons mapped to HC18 were from pseudogenes. Thus, the majority of trapped sequences are likely to represent authentic exons.
Chromosome 18 represents 2.67% of the genome, and is currently predicted to encode approximately 800 genes . 20, 21 Recent data show that the overlapping set of novel genes (non-NCBI's Refseq session) annotated between public and Celera databases is not high, 22 which suggests that any single method may not be sufficient to identify all human genes. Given that, on average, there were approximately two exons hit per known gene, the 850 novel exons reported here may represent up to 425 novel genes. However, a number of the trapped exons could be the products of experimental artifacts because of cryptic splicing events. To clarify the existence of these hundreds of potential genes, one would need to identify their corresponding expressed transcripts (cDNAs).
The exon sequences reported here will have a number of applications: (1) they could be used as probes for screening cDNA libraries or RT-PCR-based methods to isolate full-length cDNAs; (2) they will contribute to the comprehensive transcription map of the chromosome; (3) the sequences from the cloned exons and their correspondence genes could serve as reference sequences to identify polymorphisms. Such polymorphisms may be subsequently genotyped in populations with genetic disorders that map to the chromosome, and used for further association studies in complex inheritance diseases such as bipolar disorder, and other disorders, including autosomal dominant orthostatic hypotensive disorder, 28 a locus for postural systolic blood pressure response, 29 
IDDM6
, 30 Grave's disease, 31 Paget disease of bone, 32 and dyslexia 33 that have been mapped on this chromosome.
In conclusion, with the availability of complete human sequence, one of the major challenges to the field will be the annotation and characterization of the complete set of human genes. It is anticipated that computer algorithms will be very useful and will improve with time; however, a computer algorithm will continue to provide only a probability that a sequence is a gene or regulatory component. Therefore, 'in silico' prediction is not sufficient to identify all human genes. It is only with biological validation that a gene can be confirmed and investigators will be testing the predictions of computer algorithms in the laboratory. Biological gene identification approaches will prove useful including exon trapping, and perhaps a genome-wide exon trapping together with other methods is needed to identify exons/genes with low expression level.
